Rural electrification in remote areas of developing countries has several challenges 16 which hinders energy access to the population. For instance the extension of the 17 national grid to provide electricity in these areas is largely not viable. The Kenyan 18 government has put a target to achieve universal energy access by the year 2020. In 19 order to realize this objective, focus is being shifted to establishing off-grid power 20 stations in rural areas. 21
Eastern region without connection to the National Power Grid where Kenya Power 23 installed a stand alone hybrid mini-grid. 24
Based on field observations, power generation data analysis, evaluation of the 25 potential energy resource and simulations, this research intends to evaluate the 26 performance of the Habaswein mini-grid and optimize the existing hybrid 27 generation system to enhance its reliability and reduce the operation costs. 28
The result will be a suggestion of how Kenyan rural areas could be sustainably 29 electrified by using renewable energy based off-grid power stations. It will 30 contribute to bridge the research gap currently existing on that area, and it will be 31 a vital tool to researchers, implementers and the policy makers in energy sector. 32
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Introduction 37

Background of study
38
Reliable and affordable energy is recognized as an essential ingredient for socio-39 economic development and economic growth of any country in order to meet the 40 basic human needs such as cooking, lighting and safe drinking water as well as to 41 improve among others, education, communication and productive activities. 42
According to the IEA WEO 2016, an estimated 1.2 billion people -16% of the global 43 population -does not have access to electricity, and more than 95% of them in sub-44
Saharan Africa and developing Asia. Among these countries, Kenya has been faced 45 the problem by the national grid and reaching an electrification rate of 47% in 2016 46
However, looking at the current energy situation, there are still a number of 48 challenges and weaknesses that affect the energy supply sector in Kenya. The main 49 ones are the following: (i) low access to modern energy leading to high pressure on 50 biomass resources, (ii) high cost of energy, (iii) energy demand increase faster than 51 the additional generation installation rate, (iv) high cost of rural electrification 52 through grid extension due to the scattered nature of settlements, (v) frequent power 53 outages and high system losses and (vi) high dependence on imported petroleum 54 fuels [2] . 55
The Kenya Government has developed the Kenya Vision 2030 as the country's new 56 development blueprint. The vision aims at transforming Kenya into a newly 57 industrializing, middle-income country providing a high quality of life to all its 58 citizens by the year 2030 and it has identified provision of energy as the key to meet 59 its goals. Aligned to this strategy document, Kenya has implemented the Energy 60 Policy 2004, targeting to reach electricity connectivity in the rural population of 40% 61 by 2020, has subscribed the UN Sustainable Energy for All Initiative and the 62 manifesto of Jubilee Coalition [3] . 63
In order to pursue the energy access for all, the challenge is focused both on energy 64 transmission and distribution and power generation. Since the energy transmission 65 is capital intensive and has hitherto concentrated in high population density and 66 high economic areas, the Kenya Government has installed off-grid diesel power 67 stations and distribution mini-grids covering some rural areas remote from the 68 transmission grid. 69
The systems based on diesel generation installed by the Ministry of Energy and 70
Petroleum to supply electricity to areas which are far from the national grid have 71 experienced a number of challenges, such as (i) the cost of fuel increase with the 72 remoteness of the location, (ii) on-site storage challenges, (iii) high operation andpollution and global warming (CO2). 75
In 2010, the Ministry of Energy and Petroleum, through the Kenya Power Company, 76 commenced a pilot programme to hybridize these off-grid power stations by 77 installing renewable energy power sources, particularly wind and PV-solar. 78
Currently, there are off-grid diesel power stations as well as pilot hybrid systems 79 (solar, wind or solar/wind), and new installations by Rural Electrification Authority 80 (REA) are currently ongoing. One of such operational stations is Habaswein, which 81 consists of a 410 kW diesel generator, a 60 kW wind power plant and a 30 kWp 82 photovoltaic (PV) solar plant. 83
Statement of the problem
84
The installations of off-grid hybrid systems in remote areas, promoted by the 85 Ministry of Energy and Petroleum, were done without a proper study and 86 optimization. No detailed analysis has been done to establish the performance, 87 reliability and sustainability of the hybrid power stations in the Kenyan context. The 88
Habaswein power station is one of the pilot off-grid hybrid stations, but the 89 contribution of renewable energy is very low, since the energy is generated almost 90 exclusively by the diesel generator. This study is thus geared towards covering this 91 existing gap in relation to hybrid off grid power stations in Kenya, assess their 92 sustainability and feasibility in meeting the rural electrification challenges, 93 including optimization criteria and levels. Furthermore, it is prudent to investigate 94 ways of ensuring grid stability from these variable renewable energy sources. 95
Justification of the study
96
As the Ministry of Energy and Petroleum promotes the installation of hybrid stations 97 in remote areas, it is fundamental to conduct a in depth technical assessment of the 98 existing hybrid plants on their system reliability, the value for the investments and 99 their current system performance in order to advise their optimization by using 100 renewable energy resources and ensure the technical and financial sustainability. 101
The outcome of this study will reinforce the policy making activities of 102 implementing the hybridization programme. Furthermore, this study aims at 103 providing information about the use of mini-grids as a convenient solution to 104 increase electricity access to remote areas. This information is required in order to 105 provide impetus to upscale the installation of the mini-grids and hybrid systems. 106
The study will also provide technical inputs on methods and ways of optimizing the 107 hybrid-systems. 108
Overall Objective 111
The overall objective of this research is to reinforce the policy making activities of 112 implementing the hybridization of off-grid power stations programme in Kenya and 113 provide lessons learned on the development of mini-grids aimed at increasing access 114 to electricity in remote areas of developing countries. 115
Specific Objective 116
The specific objective of the research is to evaluate the performance of the 117
Habaswein off-grid hybrid power station based on wind, PV-solar and diesel 118 generation, assess the potential of the renewable energy sources and optimize the 119 existing systems to enhance its reliability, performance and sustainability. 120
Literature Review 121
The Relevance of hybrid systems in Off-Grid Electrification Projects
122
Planning for universal electricity access in countries currently with a low 123 electrification level will entail large numbers of new grid connections. This may 124 require the reinforcement or expansion of the transmission network and the addition 125 of new generation, therefore demanding a complete appraisal of the power system 126
[4], with a focus both off-grid and on-grid markets across generation, distribution, 127 transmission and customers. 128
The growing consideration towards the target of universal access to energy has 129 emphasized the role of rural electrification, and off-grid small-scale generation 130 represents one of the most appropriate options [5] . 131
Hybrid stand-alone electricity generating systems are often considered more 132 reliable and less costly than systems that rely on single source of energy [6] 
170
The optimum design of a hybrid system in rural areas is challenging due to 171 uncertain load demand, non-linear characteristics of renewable components, the 172 high number of variables and parameters to be considered, and the fact that the 173 optimum configuration and optimum control strategy of the system are 174 interdependent [13] . 175
This complexity is higher in the first system design than in the system 176 optimization mainly due to error in short-term load forecasting that might be 177 significant in isolated and rural context due to the high variability of the community 178 consumption in the early stages of electrification and the difficulty to obtain data 179 from the area and develop an estimation method [14] . However, there are software 180 tools, such as LoadProGen, developed by the Polytechinc University of Milan that, 181
given a set of input data, can simulate the corresonding load profiles which can be 182 employed in the design process of off-grid systems for rural electrification [15] . 183
An optimizing sizing method is necessary in order to efficiently and 184 economically utilize the renewable energy resources. The optimizing method can 185 help guarantee the lowest investment with full use of the technologies, so that the 186 hybrid system can work at the optimum conditions in terms of investment and 187 system reliability. This type of optimization requires the assessment of the system's 188 long-term performance in order to reach the best compromise for both reliability and 189
cost. 190
demand, evaluation must be carried out on the basis of power reliability and system 192 life-cycle cost [13] . Simulation and modelling programmes are the most common tools for 211 evaluating the performance of the hybrid systems. By using computer simulation, 212 the optimum configuration can be found by comparing the performance and energy 213 production cost of different system configurations. 214
For instance, a feasibility study of a small hydro-PV-wind hybrid system for 215 rural electrification in Dejen District, in Ethiopia, proposed the optimal hybrid 216 combination of wind, hydro, diesel, battery systems by using HOMER software [19] . 217
Another example is given by the design of a microhydro-PV hybrid system by 218 using HOMER software: thanks to the yearly simulation of the system operation, 219 making it possible to analyse the complementary contributions of both components, 220 the necessity of storing energy and introducing a diesel generator as back-up was 221 revealed [20] . 222
A further study was conducted on off-grid electrification of seven villages in the 223
Almora district of Uttarakhand state, India, where biomass, solar, micro-hydro and 224 wind energy sources were considered and analyzed by using LINGO and HOMER 225 software. The scenario accounting 44.99% of energy produced by micro-hydro, 226 30.07% by biomass, 5.19% by biogas and 4.16% by PV, along with the additional 227 resources of wind (1.27%) and energy plantation (12.33%) has been found to be the 228 best among the different options considered [21] . 229 Furthermore, Connolly [22] did a comparative study of 68 computer tools for 230 integration of renewable resource in various energy systems. Accordingly, HOMER 231 was evaluated as one of the most applicable for optimization, feasibility and 232 sensitivity analysis of both off-grid and grid connected micro power systems. 233 software tools so far developed, as it is explained below. leading to higher resolution wind maps that confirmed the huge potential for wind 247 energy development. Incidentally, the areas with good speeds are in the remote 248 areas on northern Kenya, which are not served by grid connected electricity. 249
Results 250
The study evaluates three possible solutions, with and without Battery Energy 251
Storage Systems (BESS). 252
Hybrid diesel/PV system without BESS 253
The absence of a BESS implies the excess energy produced by the power plant 254 cannot be stored and be available anytime, so the diesel generators will satisfy the 255 demand when the PV system is not producing enough energy. 256
This configuration is formed by a 569 kWp PV generator, with a 193 kW inverter, 257 and two diesel generators of 100 kW and 410 kW. 258
The PV total energy production would be 868,391 kWh/yr and satisfies about 259 40%, of load energy consumption. The excess energy produced by the PV plant is 260 430,993 kWh, so almost 50% of the energy produced is not consumed. 261 262 The installation of a 100 kW diesel generator allows the 410 kW diesel generator 265 to work only at its best efficient rate, avoiding conditions of very low loads (<30% of 266 nominal capacity): this solution improves the global efficiency of the powergeneration with fossil fuels and the diesel generators total production is 637,798 268 kWh/yr with a fuel consumption of 206,748 l. 269 270 
Hybrid diesel/PV system with limited BESS 280
The BESS allows the possibility to storage the excess energy produced by the 281 power plant. In such scenario, the diesel generators will support the system to satisfy 282 the demand when the PV system and the BESS cannot supply enough energy. 283
In this simulation there was evaluated a limited BESS capacity to stay within a 284 battery capital cost of 800,000 $. 285
This configuration is formed by a 578 kWp PV generator, with a 206 kW inverter, 286 a 1,328 kWh BESS capacity, and two diesel generators of 100 kW and 410 kW. 287
The diesel generators total production is 339,665 kWh/yr with a fuel 288 consumption of 109,927 l/yr. 289 290 PV total energy production is 882,471 kWh/yr and satisfies the 68.4% of the load 291 energy consumption, thanks also to the energy collected in the BESS. 292 293 
Hybrid diesel/PV system with optimized BESS 307
The BESS allows the possibility to storage the excess energy produced by the 308 power plant. In such scenario, the diesel generators will support the system to satisfy 309 the demand when the PV system and the BESS cannot supply enough energy. 310 
Environmental evaluation 334
For environmental evaluation of all solutions presented above, yearly Green 335
House Gas emissions were considered ( Table 9 ). The hybrid plants present lower 336 emissions because fuel consumption is lower than the present plant, the installation 337 of a BESS achieve the maximum reduction of pollutants because the battery system 338 can supply energy when the PV plant is not working, indeed, in the configuration 339 without BESS, the diesel generators will work every time the PV plant is not 340 producing enough power. Genset emissions are evaluate through software 341 emissions factors: Green House Gas emissions versus energy production ratio 342 (kg/kWh). 343 344 The following graphs show the Net Present Costs Summary of the three 359
solutions. 360
The solution without BESS has a lower Capex but high fuel costs due to the 361 larger use of the diesel generators,whereas the solutions with BESS have lower fuel 362 costs, which are the most variable, but the O&M costs are higher due to the BESS 363 replacement cost, which grows with the storage capacity. Without a sufficient initial financial means, the solution without BESS is the best 375 solution, it reduces the COE but it is still highly dependent from the fuel price 376
variability. 377
The solutions with BESS have a lower dependence from the fuel price but a 378 higher Capital cost. 379 380
Discussion 381
This paper studied some technical, environmental and economic aspects of 382 solutions that can be applied in rural areas without access to electricity in developing 383 countries. We have considered the case study of the community of Habaswein, 384
Kenya, where a off-grid diesel generator supplies energy with a partial contribution 385 of a PV plant and a wind farm. 386
The present plant performances were studied and the main characteristics and 387 problems of the plant highlighted: 388
• there is a growing energy demand recorded: the number of connections is 389 almost tripled from the start up of the minigrid and there is a constant growth of 390 energy production; 391
• the energy production supplied by the diesel generator is dominant with 392 large emissions of GHG and other pollutants; 393
• the energy production cost is high and it is subjected to many variations due 394 to operation condition of the plant. 395
The HOMER PRO software was used to carry out the study of the optimization 396 of the present plant, through which various adoptable solutions have been studied, 397 of the plant will be lower and will be less subjected to the fuel price variations; 406
• Dependency on the fuel price: the fuel price is the expense which drives the 407 cost of the plant during his life, it is variable and it is difficult to make prevision on 408 its variation during the years; 409 
Materials and Methods 432
Study location
433
The study has been undertaken at Habaswein hybrid off grid power station situated 434 in Kenya, its geographical coordinates are 1° 0' 33" North, 39° 29' 17" East, 435
Habaswein is a settlement in Kenya's North Eastern region, which is almost 
447
The existing electricity generation is a diesel-based system. The system consists of 448 one diesel generator with total capacity of 410 kW, a 30 kWp photovoltaic plant and 449 a wind farm of 3 wind turbines of 20 kW each, all synchronized in the same bus bar. 450
The system supplies electricity demand for nearly 365 days a year. A diesel 451 generator was installed in 2010 and, due to serious problems, it was substituted in 452 2012 by a similar generator with the same power. 453
In detail, the mini grid consists of the components as in Tab. 11. 454 The chart shows that, in 5 years, the number of customers has almost tripled; in 462 parallel with the number of customers, there is a growth of the energy production. 463
The Fig. 6 shows the trend of electricity production from 2011 to 2015, divided by 464 type of energy source. 465
The energy production growth rate is less than the customers growth probably 466 because the new customers are domestic users, while the first customers were both 467 domestic and productive users. 468
Figure 6 Produced Energy Growth 470
The increase of energy production is about 50% in 4 years. It can also be noticed that 471 this production increment was realized exclusively through the diesel generator; 472
Energy production through renewable sources remains marginal. As can be seen from the chart, energy production has been realized almost entirely 483 using Diesel generators. Only 5% of the electricity generation was produced using 484 renewable energy sources. 485
Monthly energy production is shown in Fig. 8 . As can be seen, this presents a limited 486 variability over the year with an average energy value of 91,417 ± 7,671 kWh with a 487 total yearly production of 1,097,413 kWh. Referring to the mean value, the maximum 488 and minimum of the energy production deviates by 10%. As it can be observed from the chart, there are two peaks in the production one 496 towards the middle of the day and one evening. 497
Operational Costs 498
In 2014 the total amount of the operational cost was 578.681,82 $, including diesel 499 supply, ordinary and extraordinary maintenance. 500 The average energy cost is 0.46 $/kWh but there is a strong variation during the year 503 with a maximum variation of 0.10 $/kWh, corresponding to 22% of the energy price. 504
This important variation is due to the diesel price variability and to operation 505 condition of the plant, the following graph compares the Energy production rate 506 with the diesel generator efficiency, it is evident that the two curves have opposite 507 trend, when the Energy production rate increases the energy cost decreases and vice-508
versa. 509
This shows how strong is the influence of the diesel generator on the variation of the 510 operational cost of the mini-grid of Habaswein and how uncertainty there is around 511 the energy cost variation. 
517
HOMER software will be used to simulate and model different mix scenarios with 518 the aim of establishing the optimal penetration levels of renewable energy. HOMER 519 is a computer model that simplifies the task of evaluating design options for both 520 off-grid and grid-connected power systems for remote, stand-alone and distributed 521 generation applications. It has been developed by United States National Renewable 522
Energy Laboratory since 1993. It is developed specifically to meet the needs of 523 renewable energy industry's system analysis and optimization. There are three main 524 tasks that can be performed by HOMER: simulation, optimization and sensitivity 525 analysis. In the simulation process, HOMER models a system and determines its 526 technical feasibility and life cycle. In the optimization process, HOMER performs 527 simulation on different system configurations to come out with the optimal 528 selection. In the sensitivity analysis process, HOMER performs multiple 529 optimizations under a range of inputs to account for uncertainty in the model inputs. In the Simulation area, HOMER Pro determines technical behavior, feasibility and 538 life-cycle cost of a system for every hour of the year. The assessment is made not 539 only for the entire system: the operation of each component is simulated to examine 540 how the components works in relationship with the entire system. 541
In the Optimization section HOMER displays each feasible system and its 542 configuration in a search space sorted by the minimum cost depending on the total 543 net present cost. In this way, we can find the optimal configuration which satisfies 544 the constraints imposed in the model. The description of economic output is set out 545 in the following paragraph. 546
In the section of Sensitivity Analysis, the user can analyse the effects of parameter 547 variations in time and the behaviour of the sensitivity variables. The sensitivity 548 variables are those parameters entered by the user and having different values. 549
Before the construction of the model, the first step needed is the evaluation of the 550 load which could be electric, thermal or both, although in this study we focus on the 551 electric load. In the present paper the yearly electric load profile adopted was the 552 measured load of 2014 with 30 minutes step. 553
Renewable Resources assessment 554
There have been considered two main renewable resources, solar irradiation and 555
wind. 556
The solar irradiation and surface annual solar radiation data have been obtained 557 from an average of 20 years of NASA data (freely available also at [26] ). The scaled 558 average annual of daily solar radiation in this region is 5.90 kWh/m2. The average 559 clearness index for the mini grid is 0.59 (Table 13, Figure 11) . 560 Implementation of the wind solution were discarded because the data analysis 565 revealed a low energy production of the existing turbines. Indeed, the wind NASA 566 data and on site wind measurement doesn't justify the measured low energy 567 production, it should be investigated the reason of the misworking. The PV array size is calculated using the Homer OptimizerTM algorithm. The 572 considered PV system and replacement cost is 2,200 $/kWp. The O&M cost is set to 573 10 $/kWp/year. 574
The solar module type is a polycrystalline PV panel with efficiency 15%. The system 575 includes PV modules costs, installation cost, transportation cost, cables and security 576 system cost and balance of system cost. 577
Inverter 578
The Inverter size is calculated using the Homer OptimizerTM algorithm. The cost is 579 300 $/kW. The efficiency of the inverter is 95%. 580
BESS 581
For the BESS we consider a Li-Ion battery, with round trip losses of 8% [28] , an 582 estimated costof 600 $/kWh, an O&M cost of 10 $/kWh/year, and a connection on the 583 DC bus. For the limited BESS solution, the size of the BESS is varied from 500 kWh 584 to 1300 kWh with a step of 50 kWh. 585
Diesel Generators 586
The Diesel Generator is considered as a backup system, the present micro-grid has 587 a 410 kW generator but, for the most of the time, it is oversized compared to the load 588 curve. It has been evaluated the installation of additional generators. 589
For the 410 kW diesel generator it has not considered a capital cost because it is 590 actually working, the replacement cost is 90,000 $, the O&M cost is 2 $/h. The 100 591 kW generator cost and its replacement are set to 40,000 $ and the O&M cost is 2 $/h. 592
The 50 kW generator cost and its replacement are set to 25,000 $ and the O&M cost 593 is 1 $/h. 594
The diesel cost is set to 1.28 $/l which is the average cost of the diesel in Habaswein 595 in 2014. 596
Economic parameters 597
The lifetime of the plant for the economic evaluation is 25 years. The main factors to 598 evaluate the economic optimal solution for the optimization of the Habaswein 599 power plant are Net Present Cost (NPC) and the cost of electricity (COE). Theyears, the diesel generators 15,000 hours. 602
The discount rate of this study is 10% [27] and inflation rate is 8% (The World Bank).
